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The ultimate impact of age-related bone loss is believed to depend on bone quality achieved in the first decades of life (1) . This life-course effect provides a rationale for peak bone mass optimization as a primary strategy for preventing fragility fractures later in life (2, 3) . In order to estimate the potential for bone quality improvement, it is essential to understand the extent to which modifiable factors act on bone accrual during adolescence.
Anthropometry, which reflects complex gene-environment interactions, comprises a set of partially modifiable bone quality correlates during childhood and adolescence (2) (3) (4) (5) . However, while positive associations between lean mass and bone quality have been found consistently (6, 7) , diverging results have been produced concerning adiposity (8) . As an intuitive extension of the observed lower fracture rate in overweight adults as compared with normal-weight persons (9) , a beneficial effect of fat on bone strength during childhood and adolescence has been observed (10) (11) (12) (13) . Positive associations have been attributed to stimulation of bone formation by peripheral leptin and increased estradiol, leading to decreased bone resorption and increased bone formation (14, 15) . More recently, however, challenging evidence has accumulated that suggests a deleterious effect of adiposity on bone accrual (6, (16) (17) (18) (19) . This detrimental effect has been explained through impairment of bone formation by inflammatory cytokines, centrally acting leptin, hyperglycemia, and insulinopenia and through increased bone resorption mediated by fatty acids (15, 19) .
Despite the variety of endocrine mechanisms proposed to explain these findings, an issue particular to bone health is that the ultimate role of fat in bone mineral accrual probably results from a combination of several of the above-mentioned pathways with a mechanical effect of weight. Since the strength of the skeletal framework is related to the mass of soft tissue that it supports (14) , as body fat increases, so does loading on the cortical skeleton, an effect which is osteogenic but not specific to adipose tissue (15) .
Therefore, it is relevant to distinguish a possible direct, nonmechanical association between adiposity and bone mineral density (BMD) from its indirect association mediated by body mass. In the causal graph framework, this translates into assessing which of the directed acyclic graphs shown in Figure 1 is consistent with the observed data. Because body mass becomes a causal intermediate under this framework, limitations in interpreting standard adjusted regression coefficients may be present (20) . In fact, this issue was suggested to account for the above-mentioned conflicting findings (14) . Estimation of direct effects may benefit from the use of techniques to evaluate the plausibility of the set of causal assumptions. By applying and comparing different methodological approaches to the evaluation of a population-based sample of 13-year-old girls, we aimed to quantify the potential for a specific nonmechanical effect of fat on BMD.
MATERIALS AND METHODS

Cohort recruitment
We evaluated cross-sectional information collected from adolescent girls at recruitment of the Epidemiological Health Investigation of Teenagers in Porto (EPITeen) cohort. This cohort was assembled during the 2003/2004 school year, when all public and private schools in Porto, Portugal, that provided teaching to 13-year-olds were approached. Executive boards were asked to provide contact information for each student's family. We thereby identified 2,787 eligible adolescents, of whom 78% (1,116 girls and 1,044 boys) agreed to participate and provided information for at least part of the protocol. Similar participation proportions were obtained in public and private schools. Sampling procedures and detailed methods have been described elsewhere (21) . This recruitment comprised extensive data collection, including 2 self-administered questionnaires, and a physical examination conducted at school. Parents and children received written information explaining the purpose and design of the study. Additionally, the study steps were described in each school during meetings arranged according to parents' convenience. Written informed consent was obtained from both parents and children. The Ethics Committee of the University Hospital of São João, Porto, approved the study.
Pubertal maturity and anthropometry
Pubertal development was estimated using menarcheal age. Girls were categorized into one of the following 3 classes, according to self-reported age at first menses: 11 years or earlier, 12 years, or 13 years or later. The latter category included premenarcheal girls.
Anthropometric information was obtained while the student stood barefoot in light indoor clothing. Weight was measured to the nearest 0.1 kg (Tanita Corporation, Tokyo, Japan), and height was measured to the nearest 0.1 cm using a portable stadiometer (Seca Deutschland, Hamburg, Germany). According to the reference percentiles developed by the US Centers for Disease Control and Prevention, participants were classified as normal-weight (<85th percentile), overweight (85th-94th percentiles), or obese (!95th percentile) (22) . Foot-to-foot bioelectrical impedance analysis (BIA) was used to estimate body composition (Tanita, model TBF-300) to the nearest 0.1 kg. We additionally estimated body composition using a skinfold-based method validated in children (23) , based on the assumption that the unrolled fat rim is a rectangle whose length equals the upper arm circumference (C) and whose width equals half of the triceps skinfold thickness. The resulting body composition indexes, in cm 2 , are defined as follows: total upper arm area ¼ C 2 /4p; upper arm fat area estimate ¼ C 3 (triceps skinfold thickness/2); and upper arm muscle area estimate ¼ total upper arm area À upper arm fat area estimate. To assess the extent to which these indexes were measuring adiposity in our sample, we calculated Pearson's correlation coefficients for fat area versus body mass index (weight (kg)/height (m) 2 ) and fat area versus BIA-derived fat mass; these coefficients were 0.86 and 0.84, respectively.
Forearm BMD
BMD was measured in g/cm 2 at the ultradistal and proximal radius (at a point one-third distal between the styloid process and the tip of the olecranon) of the nondominant forearm by means of dual-energy x-ray absorptiometry, using a Lunar PIXI device (GE Medical Systems, Madison, Wisconsin). In case of reported previous fracture of the nondominant arm, the dominant arm was assessed. (standard deviation (SD), 6.4) vs. 158.8 cm (SD, 6.3)), weight (52.7 kg (SD, 10.1) vs. 54.2 kg (SD, 10.2)), and body mass index (21.1 (SD, 3.5) vs. 21.4 (SD, 3.4)) than girls who were not included. Correspondingly, girls who were included had a later menarche; 34.2% experienced menarche after age 12 years and 31.0% before age 12 years, while these proportions were 27.7% and 35.0%, respectively, among girls not included.
Forearm BMD was normally distributed in the sample. Mean BMD values and their standard deviations were calculated according to classes of body size and body composition measures. Crude and adjusted associations between anthropometric traits and BMD were quantified using linear regression coefficients with 95% confidence intervals. We estimated the crude effects of total weight and fat mass or fat area on BMD (model 1:
Standard multivariate analysis
To evaluate the contribution of adiposity (fat mass or fat area) to BMD independently of body weight, we used standard multivariate models (model 3a:
Residuals analysis
Taking into account the fact that the high observed correlation between total body weight and adiposity (in our sample, 0.95 for fat mass and 0.79 for fat area) may limit the interpretation of adjusted regression coefficients in standard multivariate analysis, we estimated the effect of the residuals from regressions of adiposity on weight (model 4a: (24) . We assumed that the residuals represented the nonmechanical component of adiposity. BIA-derived fat mass residuals relative to weight had a standard deviation of 2.08 (range, À7.88 to 5.71) and were positively correlated with fat mass and negatively correlated with fat-free mass (Pearson's correlation coefficients were 0.31 and À0.49, respectively). Skinfoldbased fat area residuals had a standard deviation of 4.90 (range, À14.5 to 20.3), and their correlation with fat area was 0.62, while the correlation with muscle area was À0.08.
Path analysis
Path analysis is an extension of regression analysis which allows for simultaneous estimation of the interrelations between variables in a set (25) . This technique is being increasingly used to decompose and compare the magnitudes of effects between variables with complex interrelations or to test the plausibility of mediation effects (26, 27) . We conducted path analysis assuming each of the 2 possible causal models depicted in Figure 1 . Because of its association with body weight and BMD, we additionally entered menarcheal age. Models were fitted with Mplus software (Muthén and Muthén, Los Angeles, California); 95% confidence intervals were calculated by bootstrapping; and goodness of fit was evaluated using the comparative fit index and the Akaike and Bayesian information criteria.
For all models, we present effect estimates as standardized coefficients (b st ) to improve comparability between the effects of variables with different ranges. BMD was used in mg/cm 2 .
RESULTS
In this sample, mean forearm BMD was 0.359 g/cm 2 (SD, 0.057), ranging from 0.206 g/cm 2 to 0.569 g/cm 2 . Table 1 presents mean BMD values and anthropometric characteristics in the total sample and in each class of increasing pubertal maturity. We observed a substantial increase in mean BMD with decreasing menarcheal age.
BMD and body size measures
A positive association was found between BMD and height, mainly in the later menarche group. Mean BMD increased linearly with body weight, from 0.314 g/cm 2 (SD, 0.045) in the first quarter (quartile) to 0.396 g/cm 2 (SD, 0.056) in the fourth quarter, as well as with body mass index, from 0.347 g/cm 2 (SD, 0.052) in normal-weight adolescents to 0.402 g/cm 2 (SD, 0.059) in obese adolescents. The observed linear associations between BMD and both body weight and body mass index were similar across menarcheal age classes (Table 1) .
BMD and body composition measures
We found crude dose-response associations between BMD and both BIA-estimated components of total weight: Mean BMD increased from 0.315 g/cm 2 (SD, 0.046) in the lowest quarter of fat mass to 0.397 g/cm 2 (SD, 0.054) in the highest quarter, and a similar relation was found for fat-free mass (from 0.327 g/cm 2 (SD, 0.051) in the first quarter to 0.386 g/cm 2 (SD, 0.055) in the fourth quarter). Similar trends were found when body composition was assessed using the skinfold-based method: BMD increased from 0.322 g/cm 2 (SD, 0.050) to 0.394 g/cm 2 (SD, 0.056) between the first and fourth quarters of fat area distribution and from 0.322 g/cm 2 (SD, 0.052) to 0.395 g/cm 2 (SD, 0.056) between the first and fourth quarters of muscle area distribution. The shapes of these associations were similar between menarcheal age strata ( Table 1) .
Nonmechanical association between adiposity and BMD Table 2 presents linear regression coefficients and 95% confidence intervals for the associations between BMD (in mg/cm 2 ) and total weight (model 1) and between BMD and adiposity (models 2a and 2b), as well as the measures of the independent effect of body composition on BMD, using 2 approaches for removing confounding by body size (standard multivariate models-models 3a and 3b-and residuals models-models 4a and 4b). Both crude estimates and estimates adjusted for menarcheal age are presented.
The overall association between adiposity and BMD was positive and significant in the unadjusted model b Adiposity residuals relative to weight: residuals from the regression of fat mass or fat area (dependent variable) on weight (independent variable), representing the variation in adiposity after removing extraneous variation due to total weight. By definition, these residuals are uncorrelated with total weight. Figure 2 presents the causal pathways tested using path analysis to assess the plausibility of a direct effect of adiposity, measured as fat mass or fat area, on BMD. Standardized regression coefficients and 95% confidence intervals (in parentheses) are shown. Table 3 presents the total and indirect effects of adiposity on bone quality according to each model and the values for goodness-of-fit criteria. We observed a negligible direct effect of adiposity on BMD, both in terms of the magnitude of the coefficient (per 1-SD increase in fat mass, b st ¼ À1.57, 95% confidence interval: À11.9, 8.75; per 1-SD increase in fat area, b st ¼ 1.89, 95% confidence interval: À3.13, 6.91) and in terms of the overall fit of the model, which improved when the direct effect estimation was excluded from both paths, according to the Akaike and Bayesian information criteria.
DISCUSSION
In this large, population-based sample of 13-year-old girls, we observed that the direction and magnitude of the measures of association between adiposity and forearm BMD were strongly explained by the contribution of fat to body weight. The potential for a specific, nonmechanical effect of adiposity on BMD was small. Dual-energy x-ray absorptiometry is a 2-dimensional technique which does not capture true volumetric density or bone geometry (28) . In fact, in a study by Wren et al. (29) , areal BMD estimated by dual-energy x-ray absorptiometry in children was only weakly correlated with volumetric BMD measured with computed tomography, and BMD measurements were strongly dependent on growth-related changes in body and skeletal size. However, regarding its most relevant outcome, BMD remains a valid index of bone quality, as confirmed in a longitudinal study wherein areal BMD was a good predictor of fracture during puberty (30) . Other studies have even suggested that areal BMD may be a more accurate indication of bone strength relative to size than volumetric BMD, through assigning lower values to smaller bones as compared with larger bones with the same volumetric BMD, since bone size influences strength independently of mass (31, 32) . In order to optimize feasibility and minimize radiation exposure, we used forearm BMD to estimate bone quality.
Our sample size and evaluation setting also required practical methods for the estimation of adiposity. BIA has low accuracy in predicting metabolic risk at the individual level (33, 34) . However, a previous study showed that, whereas the Tanita body composition analyzer underestimated fat mass in white boys, it did not do so in white girls (35) .
Nevertheless, BIA-derived prediction of body composition is based not only on impedance but also on other variables, namely weight, which was our main mediating variable and a term in the regression models, raising the problem of possible overadjustment. To assess the impact of this limitation on our conclusions, we used a skinfold equation to estimate upper arm fat area as a second measure of adiposity. Although skinfold thickness equations also have validity limitations (33), which we minimized through continuous training of our field researchers, we estimated high correlation between measures of adiposity obtained with these methods, and the magnitude and direction of the effect of fat on bone were also consistent between them.
We observed a marked increase in BMD with menarcheal precocity. Modulation of bone remodeling by gonadal hormones is well established (4), and estrogen plays a critical role in the attainment of normal BMD by stimulating bone formation, augmenting mineralization, promoting epiphyseal maturation, and establishing skeletal proportion (5) . Therefore, it is expected that the period of exposure to endogenous estrogen is directly associated with improved forearm bone microstructure (36). We did not find evidence of modification of the effect of pubertal stage on the association between fat and bone quality, similarly to previous findings in girls (37) .
We observed positive associations of BMD with body size measures (weight, body mass index, and height-the latter mainly in the later menarche group) and with absolute measures of adiposity (BIA or skinfold-derived). These corroborate previous findings that the net effect of body size and mass on bone strength is positive (7, 11, 13, 37, 38) . In fact, increased external dynamic load, even at non-weightbearing sites, is beneficial to bone strength, regardless of the composition of the load (39, 40) . The expected crude effect of body mass is greater at weight-bearing sites, which was not the case in the present study, where we measured the forearm. Our estimates of the crude (mechanical plus nonmechanical) effect are not generalizable to sites at which the expected effect of body mass is greater. However, the differences in that crude effect between weight-bearing and non-weight-bearing sites should be due to its mechanical component. We expect the variation between anatomical sites in the magnitude of the systemic nonmechanical effect of adiposity to be minimal. Therefore, we believe that the anatomical site chosen is particularly suitable for estimation of the nonmechanical effect of adiposity.
We have used different methodological approaches to answer our main scientific question, and these approaches have yielded consistent results in terms of magnitude and direction of the effects investigated. However, the crosssectional nature of our study demands a careful interpretation of associations with regard to causality. Indeed, it should be noted that path analysis, as well as the other analytical approaches that we used in this work, does not aim at proving causation but rather at testing whether the observed data are consistent with an a priori hypothesis (25) . As in any estimation of causal effects, this study was based on the assumption of no unmeasured confounding, a premise that has been considered particularly relevant in direct effects estimation (20) . Additionally, since all statistical models Figure 2 . Magnitudes of standardized direct and indirect effects of adiposity on bone mineral density among female adolescents, calculated by path analysis using 2 methods to estimate adiposity, Porto, Portugal, 2003 . Regression coefficients and 95% confidence intervals (shown in parentheses) were calculated by bootstrapping using 1,000 draws. Gynecologic age was measured in years. Path A1: total effect of fat mass is assumed to be indirect; path A2: total effect of fat area is assumed to be indirect; path B1: total effect of fat mass is assumed to be the sum of direct and indirect components; path B2: total effect of fat area is assumed to be the sum of direct and indirect components. (BIA, bioelectrical impedance analysis).
are necessarily oversimplifications, associations estimated here comprise a summary of many probable effects, integrated in complex, feedback-controlled pathways in which reverse causation represents a biologic fact and is certainly present given our cross-sectional approach (41) .
Research on the role of adiposity in bone quality has focused on the effects of adipose tissue as an endocrine organ (8, 15, 42) . Most investigators present several possible explanations for positive or deleterious associations (10, 11, 16, 37, 43) . In children, leptin and adiponectin have been implicated in the proposed differential roles of subcutaneous fat and total body fat in bone homeostasis (44) , whereas another study has suggested a large number of cellular and molecular mechanisms linking adipocytes and osteoblasts (19) . In a birth cohort study, Clark et al. (12) referred to a dual role of fat mass, both as a secretor organ and as a marker of other endocrine factors. While we do not intend the present work to contribute to the debate on which biologic mechanism predominates in the potential direct effect of adiposity on bone quality, we believe that this discussion should be preceded by estimation of the magnitude and therefore populational relevance of that direct effect. As a means to achieve this goal, we believe that control for total body mass is a methodological challenge which demands alternative approaches.
By using and comparing standard multivariate regression, residuals regression, and path analysis, we found a negligible direct effect of adiposity on BMD at the forearm, indicating a narrow scope for a nonmechanical effect of fat on bone quality. Indeed, a study in prepubertal children showed that a number of known major mediators of the endocrine effect of adipose tissue on bone (insulin-like growth factor 1, sex steroids, and leptin) explained only a small fraction of the variability in bone mineral content and density (45) . By fitting a model in which we examined the effect of increasing adiposity while keeping total mass controlled, we compared the effect of fat-mediated weight with other forms of weight, namely lean mass and height. We recognize that the weightindependent variability in adiposity is inevitably related to height and fat-free mass to some extent. Therefore, there was a possibility of inducing spurious associations between fat and BMD by controlling for weight, which would be explained by a real association between height or fat-free mass and BMD (20) . However, in order for an unblocked path to emerge between fat free-mass or height and BMD after adjustment for weight, there would have to be a direct association between adiposity and BMD, since the indirect path was blocked by weight adjustment. Since we found no such direct path after weight adjustment, we believe there is a low probability that such spurious associations occurred.
Physical activity, a possible confounder, was not associated with BMD (data not shown). One possible explanation is low validity of self-reported information to assess true physical activity levels. However, the most probable reason is high sedentarism in this population, previously described in adults as well as in these adolescents (21, 46) , which probably situated the vast majority of the sample below the threshold level for exercise-induced bone formation. In fact, there is recent evidence that light or moderate physical activity is not associated with bone properties (47) .
Using different methodological approaches and methods of exposure assessment, we quantified a consistently small scope for a specific association between adiposity and forearm BMD in a large sample of 13-year-old girls, eliminating confounding by birth cohort or calendar period. The magnitude of the direct effect of fat on forearm BMD seems to be negligible. From a public health viewpoint, although bone responds positively to increases in weight, no specific benefit should be expected from relative increases in adiposity, and exercise-based strategies aimed at reducing the burden of overweight in adolescence should be preferred to improve skeletal health in adulthood.
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